doi:10.1016/j.jmb.2005.09.085

MB

J. Mol. Biol. (2005) 354, 994—1007

Available online at www.sciencedirect.com

science (@horneer:

ELSEVIER

SVA Elements: A Hominid-specific Retroposon Family

Hui Wang+, Jinchuan Xingt, Deepak Grovery, Dale J. Hedges
Kyudong Han, Jerilyn A. Walker and Mark A. Batzer*

Department of Biological
Sciences, Biological
Computation and Visualization
Center, Center for BioModular
Multi-Scale Systems, Louisiana
State University, 202 Life
Sciences Building, Baton Rouge
LA 70803, USA

SVA is a composite repetitive element named after its main components,
SINE, VNTR and Alu. We have identified 2762 SVA elements from the
human genome draft sequence. Genomic distribution analysis indicates
that the SVA elements are enriched in G+ C-rich regions but have no
preferences for inter- or intragenic regions. A phylogenetic analysis of the
elements resulted in the recovery of six subfamilies that were named
SVA_A to SVA_F. The composition, age and genomic distribution of the
subfamilies have been examined. Subfamily age estimates based upon
nucleotide divergence indicate that the expansion of four SVA subfamilies
(SVA_A, SVA_B, SVA_C and SVA_D) began before the divergence of
human, chimpanzee and gorilla, while subfamilies SVA_E and SVA_F are
restricted to the human lineage. A survey of human genomic diversity
associated with SVA_E and SVA_F subfamily members showed insertion
polymorphism frequencies of 37.5% and 27.6%, respectively. In addition,
we examined the amplification dynamics of SVA elements throughout the
primate order and traced their origin back to the beginnings of hominid
primate evolution, approximately 18 to 25 million years ago. This makes

SVA elements the youngest family of retroposons in the primate order.
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Introduction

Transposons and transposon-like repetitive
elements collectively occupy about 44% of the
human genome. Alu and L1 (long interspersed
element-1) elements account for ~30% of the
genome sequence and are the most abundant
transposable elements in humans,' while human
endogenous retroviruses (HERVs) represent another
~1% of the human genome. In addition to the major
retrotransposon families, there are smaller families
of transposons such as SVA, which are receiving
increased attention lately due to their recent retro-
transposition activity in the human genome.”

The SVA element was originally named SINE-R,
with the R indicating its retroviral origin.* In 1994,
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Shen et al. identified a new composite retroposon
when they studied the structure of the RP gene.”
This new retroposon consisted of the SINE-R
element together with a stretch of sequence that
shares sequence similarity with Alu sequences.
Thus, it was named “SVA” after its main
components, SINE, VNTR and Alu®

SVA elements contain the hallmarks of retro-
transposons, in that they are flanked by target site
duplications (TSDs), terminate in a poly(A) tail and
they are occasionally truncated and inverted during
their 1ntegrat10n into the genome.” In addition, they
can transduce 3’ sequences during their movement.
Therefore, it has been proposed that SVA elements
are non-autonomous retrotransposons that are
mobilized by L1 encoded proteins in trans.?

SVA elements remain active in the human genome,
as demonstrated by their involvement in the creation
of various diseases. To date, at least four diseases
have been reported related to SVA insertions.>*°
This makes SVA the third known category of
retrotransposons currently expanding in the human
lineage, along with L1 and Alu elements.!!

To assess the distribution and impact of SVA
elements in the human genome, we examined all

0022-2836/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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the SVA elements in the human genome reference
sequence.' Six SVA subfamilies were identified and
characterized. For the two human-specific subfami-
lies, the associated insertion presence/absence
human genomic diversity was analyzed. Further-
more, we traced the origin of the entire SVA family
back to the beginning of the hominid primate
radiation and determined the copy number of
SVA elements in different non-human primate
genomes. The overall distribution of SVA elements
showed a significant correlation with genomic G+
C content and gene density.

Results

Copy number and genomic distribution

Copy number of SVA elements

In total, 2762 SVA elements were identified in the
human genome draft sequence (hgl7; May 2004
freeze). Together, they account for 4.2 Mb of the
genome, with an average density of one element per
1.03 Mb. Among them, 1752 elements are full-
length, composing 63% of the group. The copy
number of SVA elements in the chimpanzee
genome (panTrol; Nov 2003 freeze) was also
determined. A total of 2637 elements were obtained,
with 42% being full-length. After examining the
truncated SVA elements in the chimpanzee genome
draft sequence, we found that a large proportion of
the SVA elements were truncated by stretches of Ns,

corresponding to unsequenced/unassembled
regions of the genome. Therefore, the lower
proportion of full-length elements in the chimpan-
zee genome may be due to the lower quality of the
chimpanzee draft sequence compared to its finished
human counterpart. Detailed wet bench estimates
of the copy number and phylogenetic distribution
of SVA elements throughout the primate order are
outlined below.

The structure of the SVA element

The full-length SVA element can be divided into
five components (Figure 1(a)): (1) a (CCCTCT),
hexamer simple repeat region which is located at
the 5" end; (2) an Alu homologous region, usually
composed of two antisense Alu fragments and an
additional sequence of unknown origin; (3) a
variable number of tandem repeat (VNTR) region,
composed of a variable number of copies of a
35-50 bp sequence; (4) a short interspersed element
(SINE) region about 490 bp long, which is derived
from the 3’end of the env gene and the 3’ long
terminal regeat (LTR) of the endogenous retrovirus
HERV-K10;* and (5) a poly(A) tail after a putative
polyadenylation signal (AATAAA). We extracted
the VNTR region from all of the full-length SVA
elements and analyzed their length variation
(Figure 1(b)). The length of the SVA VNTR region
varies from 48 bp to 2306 bp, with an average value
of 819 bp. Two-thirds of the SVA elements have
VNTR lengths in the range of 400-900 bp.
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Figure 1. (a) Structure of a full-length SVA element with target site duplications. Various regions of the SVA element
are color-coded and denoted. (b) Size distribution of SVA VNTR regions. The VNTR regions of SVA elements are shown
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Figure 2. Human genomic distribution of SVA elements. The observed and expected number of SVA elements from
each chromosome are shown. The expected numbers on each chromosome were obtained by multiplying the
chromosomal length with average density of these elements in the genome.

Genomic distribution

To examine the genomic distribution of SVA
elements, we first analyzed their distribution at the
chromosomal level by comparing the observed
number of the elements with the expected numbers,
assuming an infinite sites (random) insertion model
(Figure 2). In this model, the number of insertions
on each chromosome was solely proportional to the
size of the chromosome. A chi-square analysis
revealed that the Jwo distributions were signifi-
cantly different (x>=78.29, df=23, p<0.001), thus
leading us to reject the simple random insertion
model. In particular, the density of SVA elements
was found to be much higher than expected on
chromosomes 1, 17, 19 and 22. On the other hand,
chromosomes 4, 5, 13, 18, 21 and Y had far fewer
elements than expected. A similar non-random
chromosomal distribution has previously been
observed for Alu elements.'>'*

Since the properties of the genomic sequence vary
greatly among different human chromosomes,1 we
further analyzed the distribution of SVA elements
in relation to other genomic properties, such as G+
C content, gene content and repeat content of the
flanking nucleotide sequence. At the whole-genome
level, we observed a positive correlation between
SVA density and both G+C content (r=0.59;
p=0.002) and gene density (r=0.53; p=0.007). In
terms of distribution, the SVA elements resemble
Alu elements, which are also preferentially found in
high G +C/gene-rich regions of primate genomes,
although the extent of correlat1on is much higher in
the case of Alu elements." In terms of vicinity to
genes, we observed that 1025 SVA elements reside
in intronic regions of the genes and 1737 elements
occur in intergenic reglons Statistically, there is no
significant difference (y>=11.48, df=23, p=0.98)

between the number of SVA elements in these two
regions. This result suggests that there is no
preference for SVA insertion in genes or intergenic
regions.

To examine the SVA distribution in relation to the
global repeat content, we extracted nucleotide
sequence intervals of 1, 2, 5, 10, 25 and 50 kb from
both 5" and 3’ flanking regions of SVA elements and
analyzed the repeat content using RepeatMaskerf
(Table 1). We found that the repeat content in these
different-sized flanking sequences were not signifi-
cantly different from each other or the overall repeat
content in the genome (p>0.2 in each case). Then,
we studied individually the two most abundant
repeat families, Alu and L1 in these flanking
sequences. When compared with their expected
distribution frequency throughout the genome, Alu
elements were found to be overly represented in
these regions, whereas L1 elements were under-
represented (in both cases, p<0.00001). A closer
analysis of the SVA flanking regions revealed that
the G+C content in the flanking regions is much
higher than the genomic average (p<0.00001).
Given high Alu density in G+ C-rich, and hlgh L1
density in A +T-rich regions of the genome,' these
results are not surprising and indicate that SVA
elements are not preferentially distributed in repeat
rich regions of the genome.

Subfamily analysis

Subfamily structure and composition

If SVA elements expanded in a process similar to
Alu and L1 elements, a hierarchical subfamily

thttp:/ /www.repeatmasker.org
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Table 1. Repeat content and G+C content in the SVA
flanking regions

Total Alu
repeat (%) (%) L1 (%) G+C (%)
1kb 43.50 12.40 12.25 42.05
2 kb 43.97 12.79 12.62 41.91
5 kb 44.18 12.79 12.76 42.85
10 kb 44.08 12.82 12.74 42.84
25 kb 43.91 13.02 12.67 43.00
50 kb 45.12 13.00 1252 43.06
Whole genome 44.83 10.60 16.89 40.91

structure should be formed. To identify possible
subfamily structure, multiple alignments of the SVA
elements were constructed. Due to the highly
variable VNTR region and considerable number of
5’ truncated elements, only the LTR derived region
(referred to as the S part in the following text) was
used for the initial analysis. Examination of the
alignments resulted in the recovery of at least six
different groups among the elements based on their
diagnostic substitutions. Consensus sequences for
these groups_ of SVA elements were generated in
BioEdit v7.0"° using a “majority rules” approach.
Some of the CpG sites were reconstructed manually
due to their high mutation rate.'®'” These sub-
families were named SVA_A to SVA_F. Using a
similar approach, one chimpanzee-specific sub-
family was identified and named SVA_PtA. The
lineage specific distribution of this SVA subfamil ly
was verified by BLAT (blast-like alignment tool)™
comparison to the human genome.

To validate the subfamily definition, multiple
alignments were also constructed using the Alu
related region (referred to as the A part in the
following text) together with the S part and the same
groups were identified. Thus, we constructed the
human SVA subfamily consensuses including both
the A and S regions of the element. The multiple
alignments of the human SVA subfamily consensuses
along with the corresponding HERV-K10 sequences
are available in the supplemental alignmentf.

Next, the relative proportions of each SVA
subfamily were calculated (Figure 3). Among all
the subfamilies, SVA_D represents the largest
subfamily and accounts for over 40% of the family.
The second largest subfamily, SVA_B, accounts for
about 15% of the family. The remaining subfamilies
(A, C, E and F) have relatively small numbers of
elements (<300). Since we recognized the SVA
subfamilies based on the intact S part of the
elements, we could not group the elements into
subfamilies when they lacked a full-length S part.
These truncated elements were collectively desig-
nated “others” and accounted for 15% of the family.

SVA subfamily age estimates

The ages of different SVA subfamilies were
estimated using a method similar to that used for

Other, 15.3%

A, 5.8%

D, 42.7% B. 15.0%

C,7.3%

Figure 3. SVA subfamily composition in the human
genome. The breakdown of SVA elements into various
subfamilies is shown as a percentage of all the SVA
elements in the human genome.

Alu subfamilies described previously.' Briefly, the
S parts of the SVA elements in each subfamily were
aligned with the subfamily consensus. Next,
substitutions in this region were divided into CpG
and non-CpG substitutions and substitution
density was calculated using a Perl script. Separate
neutral substitution rates of 0.0015/site per million
years (Myrs) and 0.0090/site per Myrs were used
for non-CpG and CpG substitutions, respectively.'®
The substitution density and age estimate of each
subfamily are shown in Table 2. Given the
approximate divergence time of hominid
primates,'®?® the age estimates indicate that sub-
family SVA_A (13.56 Myrs) may have expanded
contemporary to the divergence of the orangutan
and the great apes (human, chimpanzee and gorilla)
(12-15 million years ago (Mya)). The expansion of
subfamilies SVA_B (11.56 Myrs), SVA_C (10.88
Myrs) and SVA_D (9.55 Myrs) may have
predated the human, chimpanzee and gorilla
divergence (~7 Mya). The relatively young age of
subfamilies SVA_E (3.46 Myrs) and SVA_F (3.18
Myrs) suggested these two subfamilies may have
expanded after the human and chimpanzee diver-
gence (~4-6 Mya). Indeed, when the human and
chimpanzee sequences were compared using BLAT,
the members of subfamilies SVA_E and SVA_F were
absent at chimpanzee orthologous loci, confirming
their human-specific distribution.

Having obtained age estimates for the SVA
subfamilies, we examined the properties of SVA
VNTR repeat regions as a function of subfamily and
age. ANOVA results indicate that there are signifi-
cant (p<<0.001) differences among subfamilies for
VNTR lengths. With respect to age, if the oldest SVA
subfamily (SVA_A) is excluded from the analy51s,
we find a significant negative correlation (+*=0.96)
of VNTR lengths with timei. It is unclear why this

1 Available at http:/ /batzerlab.lsu.edu, under
publications.

} Supplemental Figure 1 available at http:/ /batzerlab.
Isu.edu, under publications.
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Table 2. Age estimates of SVA subfamilies

Non-CpG density Age non-CpG Age average
SVA subfamily CpG density (%) (%) Age CpG (Myrs) (Myrs) (Myrs)
SVA_A 15.13 1.55 16.81 10.30 13.56
SVA_B 9.53 1.88 10.59 12.53 11.56
SVA_C 9.73 1.64 10.81 10.94 10.88
SVA_D 8.50 1.45 9.45 9.64 9.55
SVA_E 221 0.67 2.46 4.47 3.46
SVA_F 2.46 0.54 2.73 3.63 3.18
SVA_A:r=-0.19,p=0.38 SVA_B: r=0.067, p=0.75
30
: 15 .
25 . . .-
20 . . - .-4_'H G
L s -
s g i
R o
10 N ﬁH_.ﬁ\_ 05
ST T T —
00
3 3 40 42 4 45 42 50 3 38 40 42 44 4 48 50
SVA_C:r=0.35, p=0.091 . SVA_D: r=0.45, p = 0.027
20 2
7 05 . . .
= L
[-F] - -
2 |
<« oo . 00 -
a 3 8 40 2 44 4 e 50 36 38 40 42 44 45 48 50
SVA_E: r=0.75, p=0.000022 - SVA_F: r=0.57, p = 0.0035

20 °

0o

36 38 40 42 44 46

GC Content

48 50

v

Figure 4. Correlation between SVA subfamily distribution and chromosomal G+C content. The linear regression is
denoted with a continuous line and the 95% confidence intervals are denoted by the broken lines. Correlation coefficients (r)
and p values are shown.
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subfamily deviates from the overall pattern
observed.

G+ C content distribution, gene density and repeat
density in the flanking regions of the subfamilies

A correlation analysis between SVA content and
G+C content of all human chromosomes was
performed to examine the distributions of different
SVA subfamilies (Figure 4). Different levels of
correlation were observed among subfamilies,
with the highest values for the youngest subfamilies
SVA_E (r=0.75; p=0.000022) and SVA_F (r=0.57;
p=0.0035), mild correlation for subfamily SVA_D
(r=0.45; p=0.027), and no significant correlation for
SVA_A, SVA_B and SVA_C. The general trend
suggests the enrichment of the youngest SVA
subfamilies on the high G+C content chromo-
somes. This distribution is in contrast to Alu and L1
elements, whose younger subfamilies are preferen-
tially found in A + T-rich regions."*!

To examine whether the distribution of SVA
subfamilies observed at the chromosomal level
also exists in different regions within a chromo-
some, the human genome was separated into 12
bins based upon their G+C content” and the SVA
density in each of the bins was calculated. We
pooled the subfamilies into three groups according
to their ages: old subfamilies (A, B and C), the
intermediate subfamily (D) and young subfamilies
(E and F). Their distributions in relation to the
genomic G+C content were plotted (Figure 5). As
shown in the figure, SVA elements reside mainly in
medium to medium-high G+ C-rich regions of the
genome, with maximum density in the bins that
correspond to 42-50% G+C content. However,
there was a shift in SVA density towards higher
G+ C bins with a decrease in evolutionary age. The
older subfamilies (A, B and C) were quite rich in the

45
——OLD
o [ g
1 | —— INTERMEDIATE /

SVA Density ——

40-42% G+C bin, where the members of young
subfamilies (E and F) were found less frequently.
The opposite was observed in 48-52% G+ C content
regions of the genome, which were extremely rich
in young SVA elements. The SVA_D subfamily
exhibited an intermediate pattern for density in
these G+C bins.

The correlation analysis between SVA subfami-
lies and chromosomal gene content were examined
and similar results were obtained as in the case of
G+C content. Strong correlations were obtained
from young subfamilies SVA_E (r=0.77; p <0.0001)
and SVA_F (r=0.64; p <0.001); moderate correlation
existed for subfamily SVA_D (r=0.54; p=0.007) and
SVA_C (r=047, p=0.02). The correlations were
very low and insignificant for the oldest members of
this repeat family (SVA_A and SVA_B) (Figure 6).
This result is not surprising, given that gene
densities and G+C content are highly correlated
in the human genome.'

We next analyzed the repeat distribution in the
flanking regions of SVA elements belonging to each
subfamily (Figure 7). The variations in Alu and L1
contents across different subfamilies correspond
with the G+C content of the flanking regions. In
fact, we observed that Alu and L1 element density
in these regions is significantly correlated with the
G+C and A+T content, respectively (p>0.001).
These data suggest that SVA elements are not
preferentially distributed in either Alu-rich or
L1-poor regions of the genome.

Human genomic diversity of two human-specific
subfamilies

To assess the human genetic diversity related to
the SVA elements, elements from SVA_E and SVA_F
subfamilies were screened for insertion poly-
morphism on a diverse human population panel

Figure 5. SVA subfamily and
genomic G+C content. The bin
separations are identical with
those previously described by
Lander et al. 'SVA subfamilies are

GC bing ——

34 34-36 36-38 3840 H40-42 4244 4446 46-48 48-50 50-52 5254 54

! pooled into old (SVA_A, SVA_B,
SVA_C), intermediate (SVA_D)
and young (SVA_E and SVA_F)
subfamilies.
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Figure 6. Correlation between SVA subfamilies and chromosomal gene density. The linear regression is denoted
with a continuous line and the 95% confidence intervals are denoted by the broken lines. Correlation coefficients (r)

and p values are shown.

(see Materials and Methods). In total, 48 members of
subfamily SVA_E and 58 members of SVA_F were
surveyed. For SVA_E, 37.5% (18/48) of the elements
showed insertion presence/absence polymorphism
on our panel with a 27.6% (16/58) polymorphism
rate for SVA_F. The insertion polymorphism rates of
these two subfamilies are comparable to the human-
specific Alu and L1 subfamilies with similar
ages,'**7* further demonstrating the contemporary
retrotransposition activity of the SVA family of
retroposons. The detailed insertion allele frequen-
cies, heterozygosities and genotypes for the SVA

insertion polymorphisms are shown in supplemen-
tal Table 1.1

Evolution of SVA elements

Evolution of SVA subfamilies

To examine the relationship among the subfami-
lies, a median-joining network®>® was constructed

+ Available at http:/ /batzerlab.lsu.edu, under the
publications section.
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Figure 7. L1 and Alu densities flanking SVA elements
and G +C content. The percentage of Alu and L1 elements
flanking SVA elements from different subfamilies are
shown by the dark bars. The flanking unique sequence
G+C content is shown by the line among SVA
subfamilies.

using the S part of the subfamily consensuses and
the corresponding region of HERV-K10 (Figure 8).
The network analysis indicates that the older SVA
subfamilies evolved in a single lineage: the SVA_A
consensus has the highest sequence similarity to the
HERV-K10 counterpart, differing by 27 substi-
tutions. SVA_B differs from SVA_A by nine
substitutions and a 16 bp deletion is present at the
5" end of the SVA_B consensus as compared to
HERV-K10 sequence and the SVA_A consensus.
This deletion is present in all other subfamily
consensuses as well. SVA_C is derived from
SVA_B and differs from SVA_B by ten substitutions,

SVA_F

SVA_E

Figure 8. Median-joining network of the SVA sub-
families. The network of the SVA subfamily was
reconstructed using the S part of the consensus sequences
from each subfamily along with the corresponding region
of HERV-K10. The lines denote substitution steps, with
the number of substitutions shown on the top of the lines.
The size of each of the circles corresponds to the relative
size of the subfamily in the human genome.

GC content (%)

while SVA_D differs from SVA_C by 15 substi-
tutions. Unlike the older subfamilies, the human-
specific SVA_E and SVA_F derived independently
from a re-constructed ancestral sequence, which is
only one substitution different from SVA_D and
they differ from SVA_D by 15 and 14 substitutions,
respectively.

Copy number of SVA elements in different non-
human primate genomes

To further investigate the evolutionary history of
the SVA elements, the copy number of SVA
elements in different primate genomes was esti-
mated by quantitative PCR (QPCR) using a pair of
intra-SVA primers. QPCR results from different
primates were normalized based on the SVA copy
number in the human genome (2762) (Figure 9). The
result indicated that both common chimpanzee
(Pan troglodytes) (2769) and pygmy chimpanzee
(Pan paniscus) (2646) had a similar number of
elements compared to human, while gorilla (Gorilla
gorilla) (2334) appeared to have about 400 fewer
SVA elements. Nevertheless, given the standard
deviations in our copy number estimates (90, 163
and 221 in common chimpanzee, pygmy chimpan-
zee and gorilla, respectively), the number of SVA
elements in human, chimpanzees and gorilla may
not be appreciably different. By contrast, orangutan
(Pongo pygmaeus), which diverged from gorilla
about 12-15 Myrs ago,'**® has fewer than 1000
SVA elements. Siamang (Hylobates syndactylus) has
about 40 elements and no SVA elements were
detected in any of the two Old World monkeys
(green monkey (Chlorocebus aethiops), rhesus maca-
que (Macaca mulatta)) we examined.

To verify the QPCR results, the available Old
World monkey genomic sequences in the NCBI
database were searched for SVA elements using

Copy number
)
=

o 1 L || \ B
Human Common  Pygmy Gorilla  Orangutan Siamang  Green
Chimp Chimp Monkey

Figure 9. SVA copy number in the primate lineage. The
signal intensity derived from the number of known SVA
elements in the human genome (2762) was used as
standard for the estimations from quantitative PCR
experiments. These experiments utilized QPCR of the S
part of each element to estimate the copy number as
outlined in the Materials and Methods. The standard
deviation (SD) of three replicates for each estimation is
shown in the Figure as a bar.
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BLAST (basic local alignment search tool).” In
addition, the rhesus macaque draft assembly,
Mmul_0.1 (UCSC version rheMacl) was searched
using BLAT. In agreement with the QPCR results,
no authentic SVA element was identified from
either of the database searches. It is noteworthy
that the individual components of the SVA elements
(Alu region, VNTR region and LTR-derived region)
are present in the Old World monkey genomes,
although the origin or the “composition” of the
full-length SVA element appears to have happened
after the divergence of hominid and Old World
primates.

Furthermore, a PCR display assay was performed
as described®® on the two Old World monkeys
(rhesus macaque and green monkey) and four
hominid primates (pygmy chimpanzee, common
chimpanzee, gorilla and gibbon (Hylobates lar)),
using primers specific for the A and S parts of the
SVA element (SVA_Alu: 5-ATTGAGCACTGAGT-
GAACGAGA—3' and SVA_SINE: 5'- AGTACCCAGG-
GACACAAACACT-3'). Although SVA elements were
readily isolated from all of the hominid primates,
none was recovered from either of the two Old
World primates.

Discussion

Copy number and subfamily composition of
SVA elements

The total number of SVA elements reported here
was based on a whole-genome analysis; therefore it
is more likely to represent the actual number of SVA
elements in the human genome compared to
previous studies.** It should be noted here that
due to the polymorphic nature of some of the young
SVA elements, a proportion of the total number of
elements will not be retrieved from any single
reference genome that has been sequenced.”
Therefore, the copy number reported here
represents the lower limit of the number of SVA
elements in the human genome. For the common
chimpanzee genome, a similar number of elements
were identified. However, a large proportion of the
SVA elements were truncated or flanked by Ns,
preventing further investigation of the SVA
family in the chimpanzee genome. With improve-
ment in the assembly of the common chimpanzee
genome, a more thorough examination of the SVA
elements in chimpanzees can be achieved in the
future.

Multiple alignment of the S part of the SVA
elements revealed at least six subfamilies based on
their diagnostic mutations. Aside from the SVA_B
and SVA_D subfamilies, the rest of the subfamilies
have relatively small numbers of elements (<300).
The smaller size of a particular subfamily could be
the result of a relatively short amplification period
or the lower retrotransposition activity of the source
gene(s). The complex nature of the amplification of
retrotransposons has recently been underscored by

the “stealth model” of Alu amplification.”® It
remains a possibility that SVA subfamilies with
currently low copy numbers are simply currently in
a state of retrotranspositional quiescence.

Truncated SVA elements

SVA elements were initially named SINE-R due
to their close relationship to the endogenous
retrovirus HERV-K10.* The question remained
whether the S part of the element first originated
from HERV-K10 and expanded alone similar to
LINE-mediated integration of HERV-W* and the
recruitment of the A and VNTR parts happened
later, or the SVA element started the expansion as a
whole. To address this issue, we examined all of the
truncated SVA elements. By comparing the
sequence of truncated elements with the subfamily
consensus, we found truncated elements distribu-
ted among all the subfamilies we identified. This
suggests that SVA elements expanded as one
composite unit. Furthermore, we examined the
alignments of the two oldest subfamilies, SVA_A
and SVA_B. The results showed that the majority
(>70%) of the elements were full-length, containing
the A part of the elements. These two lines of
evidence suggest that the SVA elements were fully
assembled/composed very early during their
expansion as a repeated DNA sequence family.
One very interesting possibility is that the acqui-
sition of the antisense Alu fragments and the
hexamer simple repeats changed the properties of
the element (e.g. the hexamer simple repeats
provided a promoter for the element) and initiated
the expansion of the SVA family. Additional
evidence, including cell culture based assays need
to be gathered to test this hypothesis.

The mobilization of SVA elements

Sequence examination of SVA elements showed
that, unlike Alu elements, SVA elements do not have
an RNA polymerase III (pol IIl) internal promoter.
In addition, the full-length transcript (~2 kb) is too
long for normal RNA pol III transcription. As such,
it seems likely that the SVA element is transcribed
by RNA polymerase II (pol II), similar to the L1
elements. Indeed, several lines of evidence support
this concept: first, SVA has a putative polyadenyla-
tion site and the poly(A) tail is added to the element
during the retrotransposition. Two types of inte-
grations clearly showed the addition of poly(A)
tails: (1) in elements with 3’ transduced sequence,
the poly(A) tail at the end of the transduced
sequence was not in the genomic sequence but
was added post-transcriptionally; (2) in 3’ truncated
elements, an alternative polyadenylation site in
the SVA element sequence was used so the
transcripts of these elements were truncated and
the poly(A) tail was added after the alternative site.
Second, an extra G residue was present at
the beginning of about one-third of the SVA
elements. This extra G may represent the 5’ capping
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modification of the SVA RNA sequence by RNA
pol II. Similar addition of G residues has been
observed for L1 elements®! and reverse transcrip-
tase has been known to reverse transcribe the 5’ cap
structure.’>

If SVA elements are indeed transcribed by RNA
pol II, do they have their own promoters or do they
rely on the promoter activity of their flanking
regions? We believe SVA elements may rely on
both approaches. At least 10% of SVA elements have
3’ transductions and can be traced to different
origination points. The possibility that most of these
several hundred elements have fortuitously inte-
grated right after a viable promoter is remote. We
believe that these active elements bear a functional
promoter region and are capable of transcription by
themselves. By contrast, there is at least one 5’
transduced SVA element, which suggests that SVA
may be able to use a 5'- flanking promoter.

Genomic distribution of SVA elements

Initial analysis suggested that the genomic
distribution of SVA elements was more similar to
Alu elements than to L1 elements. However, when
we studied each SVA subfamily individually,
apparent differences were observed between the
SVA and Alu element distributions. The distribution
of the youngest SVA elements (<5 Myrs) showed
an apparent enrichment in the G+ C-rich regions in
the genome, with a peak at 48-50% G+C content.
When the age of the SVA elements increased, the
enrichment of the elements became less apparent
and the peak of distribution shifted towards the
more A +T-rich regions (with the peak at 44-46%
G+C content for the oldest group). By contrast,
young Alu subfamilies are found in more A +T-rich
regions while the enr1chment shifts to more G+C-
rich regions over time.' Thus, although the overall
distributions of Alu and SVA elements are both in
G+C-rich region, the shifting of their G+C
distribution patterns are opposite.

Several scenarios could explain the data noted
above. For instance, if SVA elements prefer to insert
in A+T-rich regions, the distribution of the
elements may be due to positive selection acting
on the young elements in the G+ C-rich regions.
The positive selection hypothesis requires selection
to be acting on the majority of the SVA elements and
will result in the fixation of the elements that are
under selection in a short period of time. However,
the ~30% polymorphism observed for the two
human-specific subfamilies (<4 Myrs old) is
consistent with neutral expectations. Therefore,
positive selection is unlikely to be the causative
factor for the observed scenario. Another possibility
is that elements were preferentially removed from
the A +T-rich regions. The removal of Alu elements
from A + T-rich regions due to unequal homologous
recombination is thought to contribute to the
sh1ft1n§ of the Alu distribution pattern over
time.>*> But given that there is one SVA every
1.03 Mb on average (compared to one Alu every

3 kb), the probability of a large-scale removal of
the elements via this type of recombination seems
remote. Nevertheless, due to the relatively low copy
number of SVA elements, less recombination-
related problems may be generated as compared
to L1 elements. This may give the SVA elements a
better chance to be fixed in G+ C-rich regions. The
possibility remains that this fixation advantage of
SVA elements in G+ C-rich region combining with
other unknown mechanisms shifted their distri-
bution over time.

Another possibility is that SVA elements are
preferentially inserted in the G+C-rich regions.
Under this hypothesis, more SVA elements would
have to be removed from G+ C-rich regions over
time to generate the observed shift in the distri-
bution. However, this seems counter-intuitive for at
least two reasons. Firstly, SVA elements are quite
possibly using the retrotransp051t10n machinery as
L1 and Alu elements,” and both young Alu and L1
elements are found more common in the A +T-rich
regions of the genome.' Secondly, the G+ C-rich
regions are known to have higher gene densities;
therefore, the insertion of retroelements in these
regions will have a larger chance of influencing gene
expression and causing genetic defects. Neverthe-
less, we have no evidence to rule out the possibility
of the changing insertion preference at this moment.
In addition to these scenarios, other mechanisms
such as compositional matching®® may also have
played a role in shaping the SVA distribution.

Our observations in this study bring up an
interesting question: if Alu, L1 and SVA elements
are indeed all retrotransposed using the L1 enzy-
matic machinery, why are there such dramatic
differences among their distributions? Multiple
scenarios have been proposed for the shifting
of the Alu distribution to G+C-rich regions, yet
the topic remains intensively debated."****" The
observed distribution of the SVA elements undoubt-
edly added another interesting dimension to the
overall retroelement genomic distribution puzzle.

The impact of SVA elements

Similar to other mobile elements, the insertion of
SVA elements in the genome may have a profound
impact on the genomic architecture and stabi-
lity. 111241 One of the properties of the SVA elements
is their high G+C content. A typical full-length
element has about 60% G+ C content while the G+
C content of the VNTR region may even exceed
70%. This makes each SVA element a potential
mobile CpG island and the insertion of the element
may influence the surrounding genomic environ-
ment. SVA elements are also enriched in potential
functional units, including SP1 binding sites
(GGCGG) in the VNTR region and hormone
responsive elements (HRE) in the S part, to name
a few. Since many of these units are harbored in the
repetitive regions (both of the hexamer repeat
region and the VNTR region), multiple copies can
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be found in a single element. If inserted near a gene,
SVA elements may influence the gene expression
pattern. An examination of SVA insertions adjacent
to the 5 end of annotated genes indicated that
approximately 200 elements integrated within
5000 bp upstream of annotated genes in the UCSC
May 2004 (hgl7) human genome assembly. Each of
these elements has the potential to alter the
transcription of the nearby genes. However,
detailed studies of gene expression will be required
to accurately determine the impact of these
elements on gene expression.

What is certain, however, is that SVA can have a
negative impact on the genome. To date, four cases
of different diseases have been reported related to
the SVA insertions.>”” The existence of diseases
caused by SVA insertions, along with the presence
of partial SVA transcripts in dbEST (data not
shown), provide strong evidence for the ongoing
amplification of SVA elements in the human
genome. However, as a result of their relatively
lower copy number (<3000), SVA elements are
likely to have a much lower mutagenic recombina-
tion-based impact on the genome as compared to
the more abundant Alu and L1 elements. In fact,
only one case of disease caused by SVA-mediated
recombination has previously been reported."’

Similar to L1 elements, SVA elements sometimes
bypass their own polyadenylation site and use a
downstream site, a phenomenon known as “trans-
duction”.'>*? In our study, we found about 10% of
the SVA elements also transduce a sequence at the 3’
end of the element. The transduced sequence
ranged from several base-pairs to more than several
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thousand base-pairs, and some of them contained
coding sequences. The ability of SVA elements to
utilize 3’ transduction to shuffle genetic material
represents yet another impact that SVA elements
have on the genome. In some cases, this so-called
“exon shuffling” may generate new proteins with
novel functions.*?

Evolution of SVA elements

The evolutionary history of SVA retroposons was
examined using human SVA elements. Since large
amounts of genomic sequence data are not yet
available for all primate species, we employed a
QPCR-based approach to estimate the copy number
of SVA elements in other primate genomes. QPCR
has been proven useful in estimating DNA copy
number,*>™* because there is a quantitative
relationship between the amount of DNA target
sequence and the amount of PCR product gener-
ated at any given PCR cycle prior to saturation. The
copy number estimates in different primates and
the age estimates of SVA subfamilies generated
congruent scenarios for the evolution of the SVA
elements (Figure 10): the SVA elements originated
or “composed” before the divergence of all hominid
primates but after the divergence of hominid and
Old World primates. Following the origination, the
evolutionary history of SVA elements is character-
ized by two major expansion periods: subfamilies
SVA_A and SVA_B were expanded before the
divergence of great apes (orangutan, gorilla,
chimpanzee and human). Another major expansion
of the SVA family occurred after the divergence of
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Figure 10. Amplification dynamics of the SVA family of retroposons in primates. Putative evolutionary history of the
SVA lineage in primate genomes. A schematic of the hominid primate radiation is shown. The estimated copy number of
SVA elements in various primate genomes is shown next to their names. The estimated time of origin and period of

expansion for each subfamily are shown.
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orangutan and the rest of the great apes. This major
expansion is characterized by the amplification of
subfamily SVA_D, which caused the number of SVA
elements in human/chimp/gorilla to be much
higher when compared to other species. The
SVA_C subfamily may have also expanded during
this period. After the divergence of gorilla from
human and chimpanzee, the SVA family showed
lineage-specific activity, sprouting two human-
specific subfamilies. The independent expansion
of multiple SVA subfamilies in the human genome
indicates the existence of multiple SVA source
genes, similar to Alu elements in the human
genome.

As mentioned earlier, the evolutionary history of
SVA elements was examined using the human
lineage as a starting point. Even though the QPCR
primers were designed in a well-conserved region of
the human SVA consensus, there is still insufficient
data about the actual structure of SVA elements in
other non-human primate genomes. The possibility
remains that species-specific SVA insertions or even
subfamilies exist in other hominid primates and
cannot be detected using QPCR-based assays; thus,
we cannot rule out that our QPCR results may
underestimate the SVA copy numbers in more
divergent species. Additional studies are needed to
focus on the SVA elements in non-human primate
genomes to augment the work presented here.

Conclusion

The SVA family of retroposons represents the
third known category of mobile elements whose de
novo mobilization results in human genetic dis-
orders. Until now, little was known about the
distribution and properties of these elements in
the human genome as compared to Alu and L1
elements. In this study, we identified and charac-
terized all of the SVA elements from the draft
sequence of the human genome. In addition, the
human genomic diversity associated with poly-
morphic SVA elements as well as the phylogenetic
distribution of SVA elements was examined. By
adding the contribution of the SVA family to our
current knowledge of mobile elements, this study
provides a more comprehensive picture and will
further enhance our understanding of the impact of
mobile elements on primate genomes.

Materials and Methods

Genome analysis

The RepeatMasker annotations of the human (hgl7;
May 2004 freeze) and chimpanzee genomes (panTrol;
Nov. 2003 freeze) were obtained from the UCSC Genome
Bioinformatics Sitef. The locations of SVA elements were
then extracted and inspected manually. Due to the highly

t http://genome.ucsc.edu/

variable VNTR region in SVA elements, some of the
annotations did not recognize the composition of the
elements correctly. In those cases, the annotations were
edited manually.

Next, the SVA elements, along with 2000 bp flanking
regions on both sides, were extracted from the human
genomic sequence using a Perl script. The LTR-derived
region of each element was then extracted manually and
aligned using CLUSTAL_X.** For the age estimates,
elements in each subfamily were aligned and subjected
to further manual adjustment by removing insertions and
poly(A) tails. For enhancing the quality of our data, any
element that contained a deletion larger than 50 bp or
could not be confidently aligned was also excluded from
the alignment.

To study the SVA chromosomal distribution, human
chromosome sizes and gap sizes were obtained from
summary tables from the UCSC website. The information
about genes, G+C content and nucleotide sequence of
each chromosome was also downloaded from the same
resource. For subfamily G+C analysis, the fraction of
elements in each G+ C bin were divided by the fraction of
genome in that bin and the resulting ratio was used as
measure of SVA density.*' Custom-made Perl scripts
were used to calculate SVA density in G+ C bins as well
as in genes and intergenic regions, extract flanking
sequences of various sizes, extract VNTR regions from
full-length SVA elements and calculate their sizes. Repeat
identification in the SVA flanking regions was annotated
using a local installation of the RepeatMasker program.

Statistical analysis

STATISTICA (version 6.1) was used in the statistical
analysis. The chi-squared test was used to analyze
chromosomal distribution of SVA elements and to
compare their inter- and intragenic densities. Correlation
analysis was performed to examine the relationship
between SVA elements and genes/G+C content at the
chromosomal level, as well as Alu and L1 densities in the
SVA flanking regions with the G+C content. Repeat
densities in the flanking regions were compared with
each other using a pair-wise Student’s t-test.

Oligonucleotide primer design and PCR analysis

Because the PCR amplicon of a typical SVA locus is
usually larger than 2kb, two separate PCRs were
performed in an assay designed for L1 elements as
described.?*#” For the filled site PCR, an SVA-specific
internal primer (located in the element) and a 3'-flanking
unique primer were used to genotype the presence of the
filled alleles of SVA insertions. For the empty site PCR,
two flanking unique primers were used to genotype the
empty alleles. The SVA presence/absence polymorphism
can be determined by combining these two results. In this
assay, 20 individuals from each of four geographically
diverse human populations (European, African Amer-
ican, Asian and South American) were surveyed for the
presence and absence of SVA elements. DNA samples
from each of these populations were available from
previous studies or were purchased from the Coriell
Institute for Medical Research (Camden, New Jersey). The
primers and annealing temperatures for each locus are
shown in the supplemental Table 23.

} Available at http:/ /batzerlab.Isu.edu, under the
publications section.
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Other DNA samples used in this study including
human genomic DNA (HeLa cell line ATCC CCL-2) and
the following non-human primate species: DNA samples
of P. troglodytes (common chimpanzee), P. paniscus
(bonobo or pygmy chimpanzee), G. gorilla (western
lowland gorilla), P. pygmaeus (orangutan) and M. mulatta
(rhesus monkey) are available as a primate phylogenetic
panel PRP00001 from Coriell. DNA samples of
H. syndactylus (siamang) and H. lar (white-handed
gibbon) were also purchased from Coriell (PR00721 and
PR00495, respectively). DNA samples of C. aethiops
(green monkey) were isolated from cell lines ATCC
CCL70.

Quantitative PCR

SYBR® Green PCR core reagents kits were purchased
from Applied Biosystems (Foster City, CA). Quantitative
PCR was carried out in 50 pl of total volume reactions
containing 1.25 units of AmpliTaq Gold™ DNA poly-
merase, 5l of 10X SYBR® Green PCR buffer, 3 mM
MgCl,, 1mM dNTP, 0.5mM forward (SVA_SF 5'-
ACAAACACTGCGGAAGGCC—3') and reverse (SVA_SR
5/-AGGTCTCTGGTTTTCCTAGGCA-3') primers and 1.0 ul
of DNA sample. Four serial dilutions of template DNA
(10 ng, 1 ng, 100 pg and 10 pg) were used for each primate
species. Amplification reactions were performed in an
ABI Prism 7000 Real Time PCR System (Applied
Biosystems) following the manufacturer’s instructions
with conditions set as follows: 95 °C, 12 min; 40 cycles of
95°C, 15s; and 68°C, 1min. A standard curve was
constructed by using serial dilutions of known human
genomic DNA samples ranging from 10 ng to 10 pg. The
human DNA samples were included as standard with
each batch of quantification reactions. The data from three
identical reactions were exported from the ABI Prism
7000 System SDS Software (Applied Biosystems) into a
Microsoft Excel spreadsheet and the copy number of the
elements in each species was calculated based on the
standard curve in each reaction. The mean values and
standard deviations were calculated based on the three
replications.
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